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Abstract
Sterilization with ethylene oxide (EO) and gas plasma (GP) are well-known methods applied to ultra-high molecular weight polyethylene
(UHMWPE) surfaces in the belief that they prevent major material changes caused by gamma irradiation. However, the inﬂuence of these
surface sterilization methods on bacterial adherence to UHMWPE is unknown. UHMWPE samples with various degrees of roughness
(0.3, 0.8 and 2.0 lm) were sterilized with either GP or EO. The variations in hydrophobicity, surface free energy and surface functional
groups were investigated before and after sterilization. Sterilized samples were incubated with either Staphylococcus aureus or Staphylo-
coccus epidermidis in order to study bacterial adherence to these materials. Fewer bacteria adhered to UHMWPE after sterilization with
EO than after sterilization with GP, especially to the smoothest surfaces. No changes in chemical composition of the UHMWPE surface
due to sterilization were observed using X-ray photoemission spectroscopy analysis. The decreased bacterial adherence to UHMWPE
found at the smoothest surfaces after sterilization with EO was not directly related to changes in chemical composition. Increased
bacterial adherence to rougher surfaces was associated with increased polar surface energy of EO-sterilized surfaces.
Keywords: Bacterial adhesion, ethylene oxide, gas plasma, sterilization, UHMWPE
Original Submission: 12 January 2009; Revised Submission: 27 April 2009; Accepted: 29 June 2009
Editor: D. Mack
Accepted published online: 4 November 2009
Clin Microbiol Infect 2010; 16: 1036–1041
10.1111/j.1469-0691.2009.02995.x
Corresponding author and reprint requests: T. J. Kinnari,
Department of Otolaryngology, Helsinki University Central Hospital,
PO Box 220, FI-00029 HUS, Finland
E-mail: teemu.j.kinnari@helsinki.ﬁ
Introduction
Bacterial adhesion on implant surfaces is a major reason for
implant-related sequelae and can eventually lead to implant
removal. The adhesion process includes a series of physical
and chemical interactions between the substratum and the
microorganisms [1]. The chemical composition of the sub-
stratum plays an important role in bacterial adhesion to
medical devices [2]. The physical properties of the biomate-
rial surface, such as roughness, hydrophobicity, surface
energy, and electrostatic charge, also affect this process,
especially in metallic materials [3,4]. Inorganic material sur-
faces are hydrophilic, display high surface energy, and fre-
quently carry negative charge, whereas polymers such as
ultra-high molecular weight polyethylene (UHMWPE) are
considered to be hydrophobic, with low surface energy and
low electrostatic charge [1]. Surface hydrophobicity basically
facilitates the bacterial contact and leads to increased early
bacterial adherence [5]. The hydrophilic character of metals
does not affect adhesion of all bacteria, because of the
involvement of speciﬁc extracellular polysaccharide adhesins
[6]. Staphylococcus aureus has been found to adhere more
easily to metals, and Staphylococcus epidermidis more easily to
polymers, such as UHMWPE [7,8]. When the material sur-
face free energy has been studied in more detail, it has been
shown that the effect of free energy is bacterium-dependent
[9]. The polar part of the surface energy is of particular
importance, because it can be related to the number of oxy-
gen-based functional groups introduced into the surface dur-
ing the manufacturing process and during sterilization, and
eventually these functional groups will chemically bond to
the bacteria [10].
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The ability of pathogens such as S. aureus and S. epidermidis
to adhere to biomaterials has implications for implant sur-
vival. Besides the obvious differences among biomaterials
concerning bacterial adhesion, their properties may change
because of physical or chemical manipulation of the material
surface during the manufacturing process and during steriliza-
tion. Sterilization with ethylene oxide (EO) has been the
main procedure used for thermolabile materials such as poly-
ethylene. However, many hospitals and manufacturers are
currently avoiding this procedure, owing to toxic residuals
and aeration requirements. The most popular alternative sur-
face sterilization method today makes use of gas plasma
(GP). The main advantages of this procedure are fast, conve-
nient protocols and absence of toxicity.
The manufacturing process and subsequent changes occur-
ring during the sterilization may have an inﬂuence on the
susceptibility to bacterial adherence on UHMWPE. On the
other hand, as one approach to provide an anti-adherent
surface is to manipulate the surface hydrophobicity, charge
or energy by chemical or physical treatments such as ioniza-
tion [11], it would be interesting to determine the possible
effect of surface sterilization on bacterial adherence. Thus, a
double action of sterilization methods could be imagined:
eradication of all living organisms from the material surface,
and a change in the anti-adhesive surface properties of the
material.
The surface roughness can also inﬂuence bacterial adhe-
sion, although this is not as evident in polymer materials
[12]. Surface energy, however, may be a more important
determinant of adherence than surface roughness [13]. As
bacteria are negatively charged, a negatively charged substra-
tum would repel bacteria.
In this study, we have investigated the inﬂuence of the
two most frequently used surface sterilization methods
applied to UHMWPE (EO and GP) on surface properties
such as hydrophobicity and surface free energy, as well as on
the adherence of the two most typical bacteria found in bio-
material infections (S. aureus and S. epidermis). As a second
aim, the effect of different degrees of UHMWPE surface
roughness on bacterial adherence was also tested.
Materials and Methods
UHMWPE: roughness preparation and measurements
The raw material used in this study was a ram extrusion rod,
GUR 1050 (Perplas Medical, Bacup, Lancashire, UK). The
UHMWPE rod was cut into disks 20 mm in diameter and
3 mm in thickness. Machining was performed using a com-
puter-numerical control machine. The disks were ground and
polished to obtain disks of different degrees of roughness
(Ra = 0.3, 0.7 and 2.0 lm). The roughness Ra = 2.0 lm was
achieved by grinding with 360 grit silicon carbide abrasive
paper. When further grinding was performed with 600 and
800 grit papers, Ra = 0.8–0.7 lm was obtained, and when this
was followed by grinding with 2500 grit paper, Ra = 0.3 lm
was obtained. The polished substrates were cleaned with dis-
tilled water, and then with soap solution, distilled water and
ethanol in an ultrasonic bath tank. A vacuum chamber was
used to dry the substrates. The samples were then measured
for roughness using a confocal microscope, Sensofar P1 2300
(Sensofar, Barcelona, Spain). The surface roughness measure-
ments are presented in Fig. 1 (a, Ra = 0.27 ± 0.03 lm; b,
Ra = 0.80 ± 0.12 lm; c, Ra = 1.93 ± 0.15 lm).
Wettability and surface energy characterization
Contact angle measurements were performed with a
CAM100 optical system (KSV Instruments, Helsinki, Finland)
using de-ionized water and methylene iodide as polar and
non polar liquids, respectively. Surface free energy and the
polar and non-polar components were obtained using the
method described by Owens et al. [14].
X-ray photoelectron spectroscopy (XPS)
Identiﬁcation of the functional groups at the surface of the
UHMWPE samples before and after the sterilization pro-
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FIG. 1. Confocal Scanning Laser Microscopy (CSLM) images of ultra-high molecular weight polyethylene samples with roughness (Ra) of
approximately (a) 0.3 lm, (b) 0.8 lm, and (c) 2.0 lm.
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cesses was performed by means of XPS. The measurements
were performed using a PHOIBOS100-5MCD (SPECS
GmbH, Berlin, Germany) electron spectrometer (20-eV pass
energy) and Mg Ka radiation as excitation source with a 5-
mA emission current to minimize radiation damage during
data acquisition.
Sterilization methods
Sterilization with EO was performed in the facilities of the
Hospital Clı´nico de San Carlos (Madrid, Spain). The gas used
in the EO sterilization procedure was 100% EO at low tem-
perature (30–60C). Brieﬂy, the protocol included placement
of the specimens in gas-permeable bags and the placement of
these for 3 h in the sterilizer. Aeration in ambient atmo-
sphere was then performed overnight (for at least 12 h). A
standard 55-min protocol of GP sterilization with hydrogen
peroxide was performed using a Sterrad 100S sterilizer
(Johnson & Johnson, Irvine, CA, USA) at the Hospital Funda-
cio´n Jime´nez Dı´az (Madrid, Spain). After each sterilization
process, the samples were aseptically wrapped and sent to
the corresponding laboratory for characterization. The
specimens were analysed between 2 and 4 weeks after
sterilization.
Bacterial adhesion studies
Two well-characterized bioﬁlm-producing bacteria, S. aureus
(15981), provided by I. Lasa [15], and S. epidermidis
(ATCC 35984), were used in this experiment as representa-
tive pathogens of implant infection. Both strains were cul-
tured in tryptic soy broth at +37C overnight. The bacteria
were harvested by centrifugation at 3500 g for 10 min at
room temperature, and washed with phosphate-buffered sal-
ine (PBS) three times. Subsequently, the bacteria were sus-
pended in PBS to give a ﬁnal concentration of c. 108 CFU/mL,
conﬁrmed by plate counts. The UHMWPE disks had equal
surface areas (28 mm2), and roughness of 0.3, 0.8 or 2.0 lm.
Material samples, ten each, were incubated with S. aureus
or S. epidermidis for 90 min at +37C to allow bacterial adhe-
sion. The bacterial adhesion experiment was performed once
in the same session for all materials, using the same inoculum
with a concentration of 108 CFU/mL conﬁrmed by plate
counts. One millilitre of inoculum per sample was used to
incubate the materials. Loosely bound bacteria were
removed by rinsing the disks in three 2-mL cell culture plate
wells containing pure PBS. The number of strongly bound
bacteria remaining on the disks was quantiﬁed after sonica-
tion of the disks for 5 min in 3 mL of PBS. The number of
CFUs in each sonication product was quantiﬁed by serial
plate counts. The sonication protocol has been described
previously by our group [16].
Statistical analysis
Quantitative data from the experiments were expressed as
mean and standard error of the mean. Water contact angle
(WCA) measurements and surface free energy calculations
were subjected to the Kolmogorov–Smirnoff test and were
proved to have a non-Gaussian distribution. Thus, data for
virgin and GP-sterilized or EO-sterilized UHMWPE were
compared using Mann–Whitney tests. Bacterial adherence
data proved to have a Gaussian distribution in the
Kolmogorov–Smirnoff test, and were compared with the
unpaired Student t-test. The signiﬁcance was established at
p < 0.05.
Results
Fig. 1 shows confocal images of UHMWPE obtained after the
three surface-polishing treatments used in this study. The
values of the average surface roughness, Ra, for the polishing
treatments were 0.27 ± 0.03, 0.80 ± 0.12 and 1.93 ±
0.15 lm. Ra analysis of confocal images after each steriliza-
tion process with EO or GP conﬁrmed that there were no
roughness changes during the process.
WCA measurements of untreated UHMWPE and after
sterilization with either EO or GP are presented in Fig. 2.
No signiﬁcant difference in WCA was observed among
untreated samples (WCA between 93 and 96), disregarding
their roughness. The WCA increased after both EO and GP
sterilization, and the increase was signiﬁcantly related to
material roughness (Mann–Whitney, p <0.05).
EO-sterilized UHMWPE samples showed WCAs of
100 ± 6, 116 ± 8 and 139 ± 5 in materials with a rough-
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FIG. 2.Water contact angle (WCA) of ultra-high molecular weight
polyethylene. The samples were untreated (UT), or treated with gas
plasma (GP) or ethylene oxide (EO) sterilization (statistically signiﬁ-
cant difference indicated by asterisks).
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ness of 0.3, 0.8 and 2.0 lm, respectively. In the case of GP-
sterilized materials, the corresponding WCAs were
100 ± 6, 101 ± 5, and 124 ± 7, respectively (Fig. 2).
Total surface free energies c (and the corresponding polar
(cp) and non-polar (cd) components) of untreated and steril-
ized samples were evaluated from water and diiodomethane
contact angle measurements, as described in Materials and
Methods (Table 1). It is worth noting that, strictly speaking,
contact angles and surface free energy are correlated
through the Young equation only on smooth surfaces (mean
roughness below 0.1 lm) [17,18].
Thus, the absolute surface free energy values obtained in
this analysis have to be taken with caution, especially when
samples with different degrees of roughness are compared.
As a general trend, the sterilization process increased c. In
non-sterilized UHMWPE samples, cp did not contribute signi-
ﬁcantly to the total surface energy, disregarding the rough-
ness of the sample. In the case of sterilized samples with
lower roughness (0.3 and 0.8 lm), the trend was the same.
However, in the roughest (2.0 lm) UHMWPE surface, cp
started to contribute to the total surface energy at about
10% (GP) and 20% (EO) of the total c (Mann–Whitney,
p <0.05).
Fig. 3 (left) shows XPS survey spectra corresponding to
UHMWPE samples with Ra = 0.8 lm, before (untreated) and
after (EO and GP) sterilization processes. Similar spectra
were observed for the samples with mean roughness of 0.3
and 2.0 lm. Surface chemical analysis did not show any sig-
niﬁcant difference among the sterilized UHMWPE surfaces.
We observed signals coming from carbon, oxygen and silicon
atoms at the sample surface. The main contribution to all of
the spectra corresponds to the C 1s signal. Fig. 3 (right)
shows details of this signal. It is formed by a single peak at
285.0-eV binding energy that is ascribed to C–C and C–H
bonds of the UHMWPE structure. The Si content at the sur-
face of the samples is about 3–5 atomic%. The binding
energy of the Si 2p peak is about 102.3 eV, consistent with
an Si4+ oxidation state of Si in silica. Some O content was
observed before and after the sterilization processes (10–
12 atomic%). Samples with the highest Si content coincide
with those with the highest O content. The binding energy
of the O 1s signal (c. 532.0 eV) is consistent with oxygen
atoms linked to Si and with the presence of hydroxyl (–OH)
groups at the polymer surface. It is worth stressing that no
residues of EO were observed on the EO-sterilized surfaces.
TABLE 1. Surface free energy c (ergs/cm2) and its polar cp and non-polar cd components before and after ethylene oxide (EO)
and gas plasma (GP) sterilization of ultra-high molecular weight polyethylene (UHMWPE) machined with roughness of 0.3,
0.8 and 2 lm; the results are presented as mean and standard error of the mean (in parentheses)
UHMWPE Non-sterilized EO-sterilized GP-sterilized
Roughness (lm) 0.3 0.8 2.0 0.3 0.8 2.0 0.3 0.8 2.0
c 31 (2) 38 (2) 42 (2) 38 (2) 39 (2) 53 (2) 32 (2) 36 (2) 52 (2)
cp 2 (1) 0.4 (1) 0.3 (1) 0.3 (1) 2 (1) 10 (1) 0.4 (1) 2 (1) 5 (1)
cd 29 (2) 38 (2) 42 (2) 38 (2) 36 (2) 44 (2) 32 (2) 34 (2) 47 (2)
FIG. 3. Left: X-ray photoelectron spectroscopy (XPS) survey spec-
tra of ultra-high molecular weight polyethylene (UHMWPE) before
(untreated (UT)) and after ethylene oxide (EO) or gas plasma (GP)
treatments. Right: detail of the C 1s photoemitted spectra.
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FIG. 4. Adherence of Staphylococcus aureus and Staphylococcus epide-
rmidis to ultra-high molecular weight polyethylene after sterilization
with gas plasma (GP) or ethylene oxide (EO) (statistically signiﬁcant
difference indicated by asterisks).
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No signiﬁcant difference in the numbers of S. aureus or
S. epidermidis bacteria adhering to GP-sterilized UHMWPE
samples were observed (c. 5500 CFU/mm2, independently of
the surface roughness). On the other hand, the adherence of
both strains to EO-sterilized UHMWPE samples was signiﬁ-
cantly lower (between 3100 and 3900 CFU/mm2) than to
GP-sterilized samples, especially in the case of the smoothest
surfaces (Fig. 4).
Discussion
Perioperative bacterial contamination plays an important role
in biomaterial infections [19]. It is well known that any change
in biomaterial surface properties may affect bacterial adher-
ence [1]. EO and GP are most frequently used in surface steril-
ization in clinical settings, whereas gamma ray sterilization is a
penetrating method that affects the bulk UHMWPE structure
(cross-link production). However, both methods alter the sur-
face properties at least temporarily [20]. Also, EO itself, when
used as a biomaterial surfactant, is known to have an anti-
adherent effect on S. epidermidis [21].
We have studied the changes in roughness, hydrophobic-
ity, chemical composition and surface energy caused by ster-
ilization. Neither EO nor GP induces changes in the
machined surface roughness of the UHMWPE samples. How-
ever, after EO treatment, a 12–24-h aeration time was used
to remove any traces of this toxic chemical [22]. In our
work, UHMWPE samples were analysed with XPS after EO
sterilization, and residuals of this toxic gas were not
detected. In GP sterilization, no toxic effects appear but the
sterilization procedure evokes a water peroxide radio fre-
quency plasma that may alter the surface properties of the
UHMWPE material [22].
As a result, the biomaterial surface hydrophobicity and
surface energy may be altered [20].
The silica present at the surface of the samples was prob-
ably incorporated at the UHMWPE matrix as an antiblocking
agent [23]. These additives are lubricants that migrate to the
polymer surface, provide an excellent slip effect, allow good
antiblocking performance, and offer solutions to processing
problems.
Oxygen was observed at the UHMWPE surfaces before
and after both sterilization processes, as determined by XPS.
The main source of this oxygen is the silica particles men-
tioned above. However, the silica particles cannot account
for the entire oxygen signal observed. The observed signal is
also consistent with hydroxyl (–OH) functional groups. It is
worth noting that signiﬁcant amounts of other hydrophilic
groups, e.g. –COH or –COOH, were not detected (they
would have shown up as shoulders/peaks at higher binding
energies of the main contribution at 285.0 eV of the C 1s
signal (Fig. 3).
WCA measurements are appropriate for screening of the
biological performance of implant materials in vitro and in vivo.
When compared to non-sterilized samples, EO and GP
treatments increased the surface hydrophobicity for the
UHMWPE with the highest surface roughness tested in this
work. Moreover, sterilization with EO led to a higher WCA
than sterilization with GP (Fig. 2). This result is unexpected,
considering the XPS characterization. Despite the absence of
signiﬁcant variation in functional groups at the UHMWPE
surface, the surfaces became more hydrophobic after the
sterilization processes. The increase in hydrophobicity with
roughness for a given hydrophobic material agrees with the
theory developed by Wenzel [24]. Also, both EO and GP
treatments increased the total surface energy of the rough-
est UHMWPE samples (Ra  2.0 lm) as compared with the
untreated material. In particular, cp of the UHMWPE sur-
faces with roughness of 2 lm showed a signiﬁcant increase
after sterilization that was more evident after the EO treat-
ment. The increase in the polar component is related to the
presence of functional groups that bond with bacteria.
In this experiment, the bacterial adherence to UHMWPE
surfaces sterilized with commercial EO or GP was tested,
leading to the observation that the surface sterilization
method of UHMWPE may inﬂuence bacterial adhesion. The
adherence of S. aureus and S. epidermidis to materials steril-
ized with EO was found to be lower, and the difference was
signiﬁcant in all samples with roughness of less than 2.0 lm
(Fig. 4). This ﬁnding proved the absence of a relationship
with EO residuals, as previously suggested [22], and there is
currently no explanation for this.
Our study shows that EO is generally more efﬁcient than
GP in preventing bacterial adherence to UHMWPE, especially
for surfaces machined with average roughness below c. 1 lm.
The physical surface properties of UHMWPE may be altered
by both sterilization procedures. The polar component of sur-
face energy displayed double progression after EO sterilization
of UHMWPE at the highest roughness (2.0 lm), as compared
with GP. The physical forces provide a complex combination
of repellent and attractive effects on bacteria.
Although surface roughness also inﬂuences bacterial
attachment and adhesion to metal surfaces, this factor was
found to be less important among polymers. At this point,
it is worth noting that the size of the bacteria considered
in this study ranges from 1 to 1.5 lm, which is signiﬁcantly
larger than the mean roughness of the smoothest UHMWPE
surface, but not of the roughest UHMWPE surface under
study. Surface roughness did not signiﬁcantly affect bacterial
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adhesion after GP sterilization. However, in the case of EO
sterilization, 25% increase in bacterial adhesion between the
UHMWPE with 0.3 and 2.0 lm roughness could be detected
(Fig. 4). Also, it seems that the transition from less to more
bacterial adhesion occurs at a lower Ra for S. aureus than for
S. epidermidis in EO-sterilized materials.
In summary, adherence of S. aureus and S. epidermidis to
UHMWPE after sterilization with EO was lower than after
sterilization with GP. According to XPS characterization, this
ﬁnding cannot be explained by different chemical composi-
tions at the UHMWPE surface. The sterilization process with
GP does not show any clear dependence of bacterial adher-
ence on roughness. However, in the case of EO treatment,
the lowest bacterial adherence observed is to the smoothest
surfaces. This effect is correlated with less hydrophobic
surfaces and with negligible contribution of the polar part of
the surface energy to the total surface free energy.
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